Light is a key driver of forest biodiversity and functioning. Light regimes beneath tree canopies are mainly driven by the solar angle, topography, and vegetation structure, whose three-dimensional complexity creates heterogeneous light conditions that are challenging to quantify, especially across large areas. Remotely sensed canopy structure data from airborne laser scanning (ALS) provide outstanding opportunities for advancement in this respect. We used ALS point clouds and a digital terrain model to produce hemispherical photographs from which we derived indices of nondirectional diffuse skylight and direct sunlight reaching the understory. We validated our approach by comparing the performance of these indices, as well as canopy closure 
| INTRODUC TI ON
Light-the visible range of the solar radiation spectrum-is one of the most important limiting factors in forests driving various ecological processes, such as plant establishment, growth, and survival (Kimmins, 2004) . In forests, the quantity and quality of light and its spatial and temporal distribution is largely driven by canopy structure and composition, as well as topographic position (Canham, Finzi, Pacala, & Burbank, 1994; Lieffers, Messier, Stadt, Gendron, & Comeau, 1999) .
Canopy gaps, for instance, allow direct sunlight and associated energy to penetrate the canopy, resulting in sunflecks that move along the forest floor as the day progresses. In combination with nondirectional diffuse skylight, these sunflecks produce a small-scale light regime that is highly variable in space and time, causing heterogeneity in microenvironmental conditions and resource availability that are vital to the dynamics and coexistence of forest species (Bazzaz & Wayne, 1994) . Thus, estimating below-canopy light conditions and analyzing their effects on biodiversity are crucial tasks for ecologists. By providing highly detailed and area-wide available 3D forest structure data, airborne laser scanning (ALS) has opened new opportunities for advancement in this field.
Below-canopy light conditions and the associated amount of energy available to forest organisms are commonly approximated by visually estimating canopy structure attributes, such as canopy cover and canopy closure (Jennings, Brown, & Sheil, 1999; Lieffers et al., 1999) . Canopy cover is frequently referred to as the proportion of the forest floor covered by the vertical projection of the tree crowns, whereas canopy closure-sometimes also referred to 1 minus sky view fraction-refers to the proportion of the sky hemisphere obscured by vegetation when viewed from a single point (Jennings et al., 1999; Korhonen & Morsdorf, 2014) . Due to the angular viewpoint, canopy closure is expected to represent the light conditions more accurately than canopy cover. Indeed, Alexander, Moeslund, Bøcher, Arge, and Svenning (2013) used averaged Ellenberg indicator values for light to show that canopy closure is an ecologically more meaningful proxy for understory light conditions than canopy cover. Moreover, canopy cover and canopy closure can be used to estimate functional variables such as Leaf Area Index (LAI), which is often applied to describe light absorption by trees (Binkley, Campoe, Gspaltl, & Forrester, 2013; Schleppi & Paquette, 2017) .
Field observations of canopy structure are tedious and restricted in spatial coverage, making them inefficient for area-wide, high-fidelity mapping of light regimes along entire horizontal and vertical forest profiles. Therefore, detailed spatial data about light regimes are often missing in forest sciences, for example, forest biodiversity assessments using ecological niche models (Peterson et al., 2011) , despite the importance of small-scale light regimes and associated microclimatic conditions for organisms dwelling beneath canopies.
Attempts to fill this gap are spurred by the rapidly increasing availability of highly detailed three-dimensional forest structure data from remote sensing, airborne laser scanning (ALS) in particular (Davies & Asner, 2014; Lefsky, Cohen, Parker, & Harding, 2002; Zellweger, Frenne, Lenoir, Rocchini, & Coomes, 2019) .
Airborne laser scanning approaches to extract canopy structure metrics to approximate light conditions and LAI have been thoroughly studied (Alexander et al., 2013; Korhonen, Korpela, Heiskanen, & Maltamo, 2011; Majasalmi, Korhonen, Korpela, & Vauhkonen, 2017; Moeser, Roubinek, Schleppi, Morsdorf, & Jonas, 2014; Morsdorf, Koetz, Meier, Itten, & Allgoewer, 2006; Parker, Lefsky, & Harding, 2001; Solberg et al., 2009 ). While area-based measurements, such as canopy cover, are frequently used (Morsdorf et al., 2006; Zellweger et al., 2015) , point-based measurements, such as canopy closure, are computationally more demanding and less often used, despite them being ecologically more relevant (Alexander et al., 2013) . Similarly, voxel-based ray tracing techniques have been successfully applied to estimate below-canopy light conditions and associated microclimate conditions (Musselman, Pomeroy, & Link, 2015; Tymen et al., 2017) .
Although the detailed representation of the canopy geometry in ALS point clouds enable the quantification of both diffuse light and direct light incidence, that is, by tracking the sun on a daily and seasonal basis (Chazdon & Field, 1987; Schleppi & Paquette, 2017) , currently used ALS light approximation methods do not differentiate between diffuse and direct light. This is a shortcoming because these two components show different spatial and temporal distribution patterns and vary in terms of light quantity and associated energy input (Lieffers et al., 1999) , providing complementary information for analyzing ecological processes beneath tree canopies.
Diffuse radiation, for example, is expected to be more closely related to net photosynthesis than direct solar radiation because of a more efficient distribution of nonsaturating light conditions for photosynthesis (Law et al., 2002) . Increased direct solar radiation input, however, may be associated with higher local temperatures and increased respiration demands due to a higher vapor pressure deficit (Kimmins, 2004) . Moreover, many light approximations methods employing ALS make none or crude assumptions about terrain shading effects. Local and regional terrain attributes, such as slope aspect and shading of nearby mountains, are key determinants of local radiation regimes, especially in mountain areas (Bramer et al., 2018) .
Integrative ALS-based approaches that simultaneously account for both canopy and topography effects on local light regimes are rarely available but urgently required to further our understanding of how microclimates affect biodiversity dynamics and ecosystem responses to global change (Zellweger et al., 2019) .
A promising solution to overcome these limitations is to approximate light regimes from synthetic hemispherical photographs derived from ALS point clouds and a regional terrain model (Bremer, Wichmann, & Rutzinger, 2017; Moeser et al., 2014; Varhola, Frazer, Teti, & Coops, 2012) . We therefore extended a previously developed tool by Moeser et al. (2014) 
| DATA AND ME THODS

| ALS data and methods
We used ALS data acquired during 2010 and 2015, mostly during leaf-off conditions. The minimum ALS point return densityfrom now on referred to point density-for all our study plots (see below) was 10 or more points per square meter. The raw data were preprocessed using a suite of LAStools algorithms (Isenburg, 2016) to classify the ALS points into terrain and vegetation and to normalize the vegetation point heights to calculate canopy cover (see below).
| Tool for ALS-derived hemispherical images
To mimic hemispherical photographs from ALS data, we developed a tool that builds upon the methods described by Moeser et al. (2014) and extend this approach to account for topography shading, as well as to distinguish between nondirectional diffuse skylight and direct sunlight. To take a point-based angular viewpoint, all raw data were transferred into a spherical coordinate system where the traditional Cartesian coordinates (X, Y, Z) were converted into a distance from the origin (r), the elevation angle (theta), and the azimuth angle (phi).
Each return within the ALS point cloud data was then printed in a polar coordinate system according to r and phi, thereby mimicking a hemispherical image taken using a circular fisheye lens with an equiangular projection. To conceptually distinguish between near and far distance canopy elements, each return was printed as a black point the size of which linearly decreasing with r (Moeser et al., 2014) ; thus, black points can then overlap as leaves would overlap on a real hemispherical picture. We applied the settings suggested by Moeser et al. (2014) , who included all points within a radius of 100 m. When compared to real hemispherical photographs, they achieved best results with a print size of 7 pixels for the nearest, and 0.5 pixels for the F I G U R E 1 Synthetic hemispherical images derived from non-normalized ALS point clouds and a digital elevation model. The orientation and angles (°) are all the same as shown for the top-left image. The top and middle rows show images generated at 1 m height above ground for six stands along a canopy closure gradient. Macro-and microterrain shadings are shown in red and green, respectively. Images i to iv illustrate a vertical gradient of canopy structure in the same stand, and the viewpoints above ground of ii to iv are at 7.5, 15, and 25 m, respectively
farthest canopy elements, respectively. To account for topography shading, we additionally calculated the horizon line from a 100-m digital terrain model and converted it into respective theta values in terms of phi. On the synthetic hemispherical image, all elevations below this horizon line were subsequently masked out ( Figure 1 , red areas). To further account for local terrain, also ground returns were printed on the image if located above the camera position ( Figure 1 , green points). Note that since we used ALS returns in true coordinates (as opposed to terrain-corrected canopy height data), trees on the uphill slope would plot more toward the image center compared with trees on the downhill slope, which resulted in a more realistic representation of the canopy, particularly in steep terrain.
| Image analysis
The obtained Moreover, the sum of diffuse and direct shortwave radiation measured with 10 radiometers at three sites was highly correlated with the potential incoming solar radiation estimated from hemispherical ALS images, with correlation coefficients ranging from .84 to .92 (Moeser et al., 2014) . Similar correlation coefficients between hemispherical photographs and in situ light measurements have also been reported in other studies (Chazdon & Field, 1987; Hardy et al., 2004 climate, the mean annual temperature and precipitation across our study plots range from 3.1 to 9.5°C (median = 7.1°C) and 846 to 1,748 mm (median = 1,235 mm), respectively. 
| Vegetation data
| Below-canopy light regime variables
We used four below-canopy light proxies as explanatory variables, that is, diffuse and direct light, canopy closure, and canopy cover.
The To test for effects on beta diversity (β SIM ), we considered the diffuse and direct light indices into one group and treated canopy closure and canopy cover separately. In addition to the mean light conditions for each plot, we also considered the spatial heterogeneity of light conditions, as represented by the standard deviation of each light proxy, because both the mean and spatial heterogeneity of local light conditions are expected to drive variation in plant community composition (Bazzaz & Wayne, 1994; Zellweger, Roth, Bugmann, & Bollmann, 2017) . Although combining diffuse and direct light into one group of variables increases the number of variables tested, it is ecologically sensible as these two light components determine the light regime below canopy, which as an entity is expected to be ecologically more relevant for structuring plant communities than commonly derived canopy closure and canopy cover metrics.
| Macroclimate variables
Climate was represented by the number of degree days above a threshold of 3°C and the precipitation sum (mm) during the growing season (April to September). Temperature and precipitation layers with a 100-m resolution were interpolated using DAYMET (Thornton, Running We averaged the temperature and precipitation data using all data of the years 1981 to 2010; see Zellweger et al. (2016) for details.
| Topography and soil pH variables
We used three variables to represent soil characteristics at each plot: topographic wetness index (TWI), topographic position index (TPI), and topsoil pH. TWI describes the lateral water flow based on the specific upslope draining area divided by the tangent of the locale slope (Sørensen & Seibert, 2007) . TPI describes the expo- 
| Statistical analysis
We To assess the independent and shared effects of different light proxies, macroclimate, and topography/soil on β SIM , we applied distance-based redundancy analysis (db-RDA; Legendre & Anderson, 1999) and variation partitioning based on the adjusted R 2 (Borcard, Legendre, & Drapeau, 1992) . In other words, we tested how much of the variance in β SIM can be explained by each environmental variable group separately, as well as by the combinations of different variable groups. db-RDA and variation partitioning analyses were performed using the capscale and varpart functions, respectively, all implemented in the R package vegan (Oksanen et al., 2015) . We performed variation partitioning using three groups of below-canopy light proxies 
| RE SULTS
| ALS proxies for below-canopy light conditions
| Effects on plant species turnover (β SIM )
Variation partitioning between our light proxies, macroclimate, and soil characteristics revealed that including diffuse and direct light indices (i.e., the light regime) improved the overall model performance for explaining β SIM compared with canopy closure and canopy cover, as indicated by R 2 values of .30, .27, and .24, respectively (Figure 4) . The independent share of explained variation by diffuse and direct light was .06 and thus considerably higher than that of canopy closure (.03) and canopy cover (.01). Using the sum of diffuse and direct light, that is, the global radiation, resulted in lower R 2 values compared with the model that includes the effects of both diffuse and direct light ( Figure S3 ).
The shared portion of explained variation between the light proxies and macroclimate increased from .01 to .06 when diffuse and direct light indices were included instead of canopy cover. Likewise, the independent share of explained variation by macroclimate decreased from .15 to .10 when the light regime was included instead of canopy cover.
There were no joint shares of explained variation between topography/soil pH and light proxies, and the independent and joint shares of topography/soil pH stayed constant across all three models (Figure 4 ).
| D ISCUSS I ON
We show that improved methods to calculate diffuse and direct light components from ALS-based synthetic hemispherical images outperform conventional ALS-based proxies for below-canopy light conditions. The light conditions experienced by forest plant for light (Diekmann, 2003) , were best explained by nondirectional diffuse skylight. This finding corroborates the expectation that net photosynthesis should be more strongly related to diffuse than to direct radiation, due to a more efficient distribution of nonsaturating light conditions for photosynthesis, lower vapor pressure deficit limitation to photosynthesis, and lower respiration associated with reduced temperature (Law et al., 2002) . This finding is also in line with previous results from Alexander et al. (2013) , who showed that point-based ALS-based approaches that take an angular viewpoint perform better in explaining understory light conditions than area-based approaches, such as canopy cover. Together with the increasing availability and accessibility of spatial ALS data, integrative approaches that simultaneously account for both canopy shading and topographic effects on local radiation regimes will greatly facilitate and improve high-fidelity mapping of light regimes and associated ecological niches in three-dimensionally complex habitats such as mountains and forests.
Our methods have major advantages over field-based methods that are tedious and much restricted in terms of spatial coverage, particularly along vertical canopy gradients that are not easily accessible. The flexibility of our approach may thus benefit canopy biodiversity research, as detailed data on light and available energy to canopy-dwelling organisms are often missing. In general, incorporating detailed local light regimes into biodiversity research is promising because the scale at which environmental heterogeneity is quantified can be matched with the scale at which environmental heterogeneity is perceived by the focal species and individuals.
This resolves a prominent shortcoming of frequently used, more coarsely resolved environmental datasets. For example, our approach may significantly improve the analysis of species' niches in forests by means of ecological niche models, where light availability and its spatial heterogeneity are currently underrepresented predictor variables (Peterson et al., 2011) . Due to the interaction between incoming solar radiation and several microclimatic parameters (e.g., surface and air temperatures, air humidity, or soil moisture), it will be interesting to test the presented method for predicting microclimate by combining it with the growing number of microclimate sensor networks (Zellweger et al., 2019) .
The application of our tool to study environmental effects on forest plant species beta diversity (turnover) revealed that the combination of diffuse and direct light, that is, the light regime derived from ALS-based hemispherical images, considerably improved the model fit compared with canopy closure and canopy cover. Although both diffuse and direct light affect plant ecological niches via the availability of photosynthetically active radiation (PAR), plant niches may also be indirectly affected by direct light incidence via its effect on topsoil and air temperature, as well as humidity levels, which have been shown to be strongly related to total radiation across the forest gap-understory continuum (Bazzaz & Wayne, 1994) . As We further found that the effect of macroclimate on plant beta diversity decreased when the diffuse and direct light indices were included instead of canopy closure or canopy cover. This is due to the fact that forest structure and related below-canopy light availability are slightly positively correlated with altitude and thus negatively with the degree days sum. Correlations between forest structure and altitude are common in mountain regions, and in our dataset, they cause the joint effect of light and macroclimate on species turnover, but this aspect only emerges once the light regime is accurately accounted for. Thus, the importance of the macroclimate for driving dynamics in forest plant communities is prone to being It is important to note that our approach is subject to a number of limitations. The results presented here are based on relatively high ALS point densities, that is, more than 10 points (return signals) per square meter. Using lower density ALS point clouds is certainly possible but would likely require a recalibration of the image output using real hemispherical photographs and an adjusted scaling factor for the print size of the ALS points as a function of distance (see Section 2.1.1). Similar limitations will also apply for using ALS data and derived synthetic hemispherical images that are strongly affected by the season during which they were collected, that is, during leaf-off or leaf-on season. This especially applies to deciduous forests, where ALS-derived canopy characteristics can considerably vary depending on the time of acquisition of the ALS data (Wasser, Day, Chasmer, & Taylor, 2013) . In evergreen forest, such as the ones studies here, biases due to seasonal changes in leaf area are expected to be lower (Wasser et al., 2013) . Although the time gap between the ALS surveys and the vegetation surveys did not affect our main results and conclusion, it is important to consider that such time gaps can introduce a substantial analytical bias, especially in forest types and stages where changes in canopy structure occur at a faster rate.
A promising alternative to generate realistic hemispherical images from laser scans is to use terrestrial laser scanning (TLS; Bremer et al., 2017) , but TLS provides point-based samples and is thus not available continuously over larger areas. Moeser et al. (2014) further found that ALS-derived hemispherical images tend to overestimate canopy closure under very dense canopies, probably because small canopy gaps are underrepresented in such conditions. Our approach also neglects potential effects of canopy composition on the light regime below the canopy. It has been found that light indices determined by hemispherical photographs may underestimate total PAR in stands dominated by very shadetolerant tree species because below such trees a considerable portion of PAR comes from beam enrichment, that is, beam radiation that is successively reflected downward by foliage (Canham et al., 1994) . However, synthetically derived hemispherical images F I G U R E 4 Results from variation partitioning based on distance-based redundancy analysis (db-RDA) relating the proxies for below-canopy light conditions, macroclimate (expressed as degree days and precipitation derived from standardized, freeair weather station data), and topography/soil pH (topographic position, topographic wetness, topsoil pH) to plant species turnover (Simpson dissimilarity, β SIM ). The circles and their intersections show the independent and shared proportions explained variation (adjusted R 2 ); negative values (−) are interpreted as zeros; and they represent cases where the explanatory variables explain less variation than random normal variables would (Legendre, 2008) from ALS data have a number of advantages over traditional hemispherical photography. In addition to the great flexibility described above, these include no undesired illumination effects on the lens, no biases from camera settings, and no threshold needs to be chosen to differentiate sky from vegetation. Our approach is thus objective, reproducible, and much less time consuming than traditional hemispherical photography.
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DATA ACCE SS I B I LIT Y
The MATLAB code to derive hemispherical images from ALS data is on GitHub (https ://github.com/Tobias-Jonas-SLF/Lidar 2Hemi ).
Hemisfer is available online (http://www.schle ppi.ch/hemis fer/), and there are a number of other open access tools available for hemispherical image analysis, some of them allowing for batch processing (Hall, Cote, Mailly, & Fournier, 2017) .
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